Abstract
Introduction

21
That gain must ultimately be associated with some cost is a fundamental premise in fields 22 spanning economics, engineering, and biology. Biology in particular has a rich tradition of both 23 alluding to and attempting to define tradeoffs: here tradeoffs imply that a part of trait space is not 24 accessible by evolution, such that, within a defined period of time, a lineage cannot evolve 25 improved performance of two or more traits simultaneously above some threshold. Such 26 evolutionary tradeoffs have been suggested by various biological phenomena -for instance,
27
organisms with high fecundity tend to have a short lifespan [1] [2] [3] and organisms with large eggs 28 tend to lay fewer of them 4, 5 .
30
Despite the plethora of such examples of negative correlations between specific traits, such 
34
likely to increase while performance of the second is likely to decrease due to the accumulation
35
of damaging mutations in the absence of purifying selection 6, 7 . At the same time, a reciprocal 36 relationship may be observed in an alternative environment if the second trait is subject to 37 selection and the first one is not. This will lead to a negative correlation between performances
38
of the two traits. However, it is entirely possible that mutations that improve both traits do exist, 
47
Consider an organism with two traits under selection ( 
51
Such a Pareto front not only represents the set of optimal trait combinations, but also separates 52 the "accessible" from the "inaccessible" trait space. For individuals on the Pareto front (green 53 dots in Fig. 1a ), the existence of tradeoffs can be demonstrated straightforwardly: increasing the 54 performance for one trait will inevitably decrease performance for another. By contrast,
55
individuals behind the Pareto front (the black dot in Fig. 1a ) are able to improve performance in 56 both traits simultaneously. It is generally assumed that organisms should be located on or near 57 a "long-term" Pareto front as they are products of very long term evolution 1, 2, 5, [9] [10] [11] [12] . Surprisingly,
58
results from experimental evolution often demonstrate the improvement of multiple traits 59 simultaneously, suggesting that at least for the conditions and traits tested, the ancestor does 60 not lie on a Pareto front [13] [14] [15] [16] [17] [18] [19] . However, it is important to appreciate that it is possible for an
61
individual to be on a higher dimensional Pareto front, defined by multiple traits, but when 62 measuring only a subset of the traits, the organism will appear to be behind the front (Fig. 1b) .
63
In this case, improvement in performance in the subset of traits must come at the cost of 64 performance in the additional, unmeasured, traits that contribute to the higher dimensional front.
66
The Pareto front is typically thought of as being defined by physical, structural, or physiological 67 constraints. However, the Pareto front may also be defined by genetic constraints, such that the 68 space above the front might be locally inaccessible in the short-term due to the rarity of specific 
76
To explore whether even the first step of adaptation can reveal evolutionary constraints in the 77 form of Pareto fronts, one needs to sample a large number of adaptive mutants selected for
78
multiple traits under a range of conditions and then precisely measure their performance along 79 each trait axis (Fig. 1c,d ). Pareto fronts, if present, can then be inferred by an absence of 80 mutants able to maximize both traits simultaneously (the large red dot in Fig. 1a,c 
139
we identified 66, 144, 58, and 132 adaptive haploids and 4, 40, 57, and 6 high-fitness diploids
140
(assumed to have additional beneficial mutations besides diploidy) from Evo1D, Evo2D, Evo5D,
141
and Evo1/5D, respectively. We refer to these adaptive haploids and high-fitness diploids
142
collectively as adaptive clones.
144
Local Adaptation Results from Performance Differences in Different Growth Phases
145
We observed a large range of fitness both in the "home" and "away" environments ( conditions. Nonetheless, under a given fitness measurement condition, not all "home" clones 153 are more fit than all "away" clones.
154
We further used our combined fitness data to determine the performance of individual clones in 
167
We compared these three performances for clones evolved in all four conditions. Overall, while
168
clones from each condition often revealed specific and consistent patterns of apparent tradeoffs,
169
the tradeoffs observed were not necessarily shared across all conditions (Fig. 2d, , which we experimentally confirmed 210 (Table S4 ). The genetic bases of adaptation among Evo1/5D clones were similar to those for
211
Evo5D clones, with mutations in SXM1 and FPK1 as well as duplication of Chr11.
213
Next, we examined the relationship between the identified genetic basis of adaptation and the
214
resulting increases/decreases in performance (Fig. 3a-c 
246
Identification of Evolutionary Constraints and Delineation of Pareto Fronts
247
We observed an absence of clones near the upper limits of either both fermentation and 248 respiration performances, or both respiration and stationary performances (the large red dot in 249 Fig. 3a,d and 3b,e) . Thus, there is at least the appearance of an empty space in the upper right 250 corner, where these pairs of performances would be maximized. We used the convex hull 251 algorithm to delineate potential Pareto fronts that separate the short-term evolutionarily-252 accessible space from the empty, putatively short-term inaccessible space above the front (grey 253 curves in Fig. 3) .
255
We first tested whether, given the marginal distributions of trait performances, the absence of 
277
suggests that the genomic mutational target size towards such extremely fit mutants located 278 beyond the putative Pareto fronts must be smaller than that for the observed mutants.
280
Next, we used a mathematical model to quantitatively assess the probability of sampling a 281 single-step mutation with a given selection coefficient s (Supplementary Information section 11 ).
282
Several factors determine the probability of sampling such a single-step mutation: the rate at 283 which a mutation occurs, the probability of such a mutation surviving random drift and 284 establishing in the population (~ proportional to s), and the exponential division rate after the 285 mutation establishes (its cell number roughly reaches e^(s*t), with t generations between 286 establishment and sampling). With mutations entering the population at a fixed rate, the more fit 287 a mutant is (the larger s is), the more likely the mutant establishes in the population, the faster 288 the mutant divides and eventually the higher frequency the mutant reaches by the sampling 289 time.
291
First, consider a gene with the same target size for adaptive mutations as IRA1 (which were 292 observed 39 times after sampling at cycle 11 of Evo2D 21, 22 ), but whose mutation results in a 293 fitness benefit at the hypothetical optimal type, with maximal fermentation and respiration (the 294 red dot in Fig. 3a,d 
320
Furthermore, we were able to show that the ancestor must be behind these fronts, because for 321 both pairs of traits there were clones that were able to improve performance in both traits 322 simultaneously; indeed, some clones were able to improve performance in all three traits.
323
If the ancestor was on a front delineated by two traits, characterization of the front using 325 experimental evolution would be straightforward, because no adaptive clones could improve 
336
Finally, having such a large number of adaptive clones enabled us to show that for both of the 337 identified Pareto fronts there is no single mutation that can occur in the genome of the ancestral 338 strain that would enable the strain to maximize performance in both traits. These fronts 339 therefore constrain the evolutionarily accessible space over short timescales.
341
No Observed Pareto Front between Fermentation and Stationary Phase
342
We were unable to identify a Pareto front between fermentation and stationary phase 343 performances, suggesting either an absence of tradeoffs between these two traits or that single- 
356
Levin (1962) 28 suggested that the geometry of Pareto fronts will affect an organism's 357 evolvability, and whether generalists or specialists will tend to evolve. For instance, a convex-shaped front allows for better evolvability and produces different optimal types based on the 359 particular evolutionary condition, allowing for local adaptation (Fig. 4a) . By contrast, a concave-
360
shaped front leads to less evolvability, because regardless of the importance of performance in 361 each trait, one of the two most specialized types will always be the most fit (Fig. 4b) 
375
Over longer-term evolution, the space that is inaccessible in the short term may become 376 populated, and the shape change to become a rectangle (Fig. 4c ). This would imply there is no 377 physiological constraint between the two traits and the observed Pareto front is purely due to a 378 genetic constraint -that is, no clones with single mutations are able to occupy the seemingly 379 inaccessible space, yet clones with multiple mutations can. Alternatively, the front may either 380 stay in place (Fig. 4d) , or move forward but retain the same shape (Fig. 4e) that longer-term evolution may change the shape of the front from being convex to being 384 concave (Fig. 4f ) such that individuals with extreme performance in one or the other trait are the 385 most fit depending upon the exact condition in which they are evolved.
387
The behavior of clones containing multiple adaptive mutations should provide some insights.
388
We observed three clones carrying two adaptive mutations each in genes specific to different 389 evolutionary conditions. These clones harbor mutations in SXM1 and HOG1, SXM1 and SSK1,
390
and SXM1 and CYR1, respectively. We observed that each of these double mutants is no closer 391 to the front than the corresponding single mutants (Fig. S4) 
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